A line-shape analysis of room temperature photoluminescence (PL) spectra was carried out on Si-doped GaAs samples grown by molecular beam epitaxy. The electron concentration yz of the samples ranges from 1.0X 1017 to 4.2X 10" cme3. It was found that the conduction band tail v7, and the Fermi energy ef measured from the conduction band minimum can be expressed as vc==2.0x lo-%"3 (eV) and ef= -0.074+ 1.03X lo-7n"3(eV), respectively. The PL peak energy, at which the electron concentration per unit energy in the conduction band is maximum, can also be expressed as 1.426+2.4X IO-14rzU3(eV). 0 1995 American Institute qf Physics.
I. INTRODUCTION
It is well known that heavy doping produces some changes in the band structure of semiconductors. One of the changes is the band gap narrowing due to the formation of density-of-states tails, and the tails are resulted from inhomogeneous impurity distributions.'.' The inhomogeneous impurity distributions also imply the fluctuations in potential which destroy the translational symmetry of the crystal, and that allows the k-nonconserving transitions, that is, the indirect transitions. Another important phenomenon occurring in the heavily donor-doped semiconductors will be an increase in the interband transition energy due to the filling of the conduction band by electrons, that is known as the BursteinMoss effect?14 All the above-mentioned factors will give some influences on the luminescence spectra. Both the band gap narrowing and the Fermi energy of heavily doped GaAs were analyzed as a function of doping concentration n using photolun@escenceZ5-9 and cathodoluminescence. I0 The band gap narrowing was reported to be proportional to either n l/3 2.7,s or n5'12.6*9,10 And some low-temperature photoluminescence (PL) results were explained by assuming that the Fermi energy af relative to the conduction band minimum depends on n by the nU3 power rule for n2 10" cmw3 as a simple theory predicts.6
All the investigations of heavy doping effects in GaAs have been performed by low-temperature PL experiments except for that of Ref. 2. In the low-temperature PL experiments, the donor-acceptor (DA) pair luminescence is dominant for the electron concentration less than 1 X 10" cmm3, while the indirect band-acceptor (BA) transition prevails at higher concentrations.6'" Therefore the investigation of heavy doping effects by room-temperature PL would be also interesting in the view point of material characterization. B)Electronic mail: hypark@sorak.kaist.ac.kr First, it is more convenient than a low-temperature technique. Second, since the band-band (BB) and/or BA transitions are expected to be enhanced, the contribution of DA transition in the low-energy side of PL spectrum6Y12 can be minimized. Thus any possible dopant dependent properties of the degenerate electron gas" on the PL spectrum can be avoided. Therefore the heavy doping effect could be analyzed more easily by room-temperature PL experiments, if possible. There has been, recently, an extensive study on an artificial peak of 1.38 eV observed in the room temperature PL spectra of heavily Se-dopedi and C-dopedI epitaxial GaAs layers. However, we could not observe any trace of this artifact in our samples at room temperature. We will discuss this spurious PL peak, elsewhere, when we investigate the temperature dependence of the PL spectra of our samples. In this paper, we report a detailed line-shape analysis of room-temperature PL spectra. And it is demonstrated that the effects of the band tail formation and Fermi energy shift in heavily-doped GaAs can be excellently deduced from this line shape analysis.
II. EXPERIMENT
Samples were prepared by molecular beam epitaxy (MBE). A nominally intrinsic GaAs buffer layer of 1 pm thickness was grown on a (1 0 0) oriented semi-insulating GaAs substrate. And then Si-doped epilayer with a thickness of 1 ,um were grown on the buffer layer. The electron concentration of the samples was determined by Hall measurements using van der Pauw technique at room temperature, and it ranges from 1.0X lOI to 4.2X 10" cmm3. For the PL measurements the samples were excited by the 488 nm line of an Ar-ion laser with an intensity of 0.4 W/cm2. The luminescent light was dispersed by a 75 cm monochromator (Spex 750M) and detected by a cooled photomultiplier (Hamamatsu R943-02).
ill. DATA ANALYSIS The spectral line shape used to fit the measured PL spectra are as follows. Since the BB and/or BA transitions are dominant in the room-temperature PL spectrum of heavily doped G~As,~ the PL intensity can be described as
where p,(E) is the density of states in the conduction band and f,(E) the Fermi-Dirac distribution function of electrons given by
where Ef is the Fermi energy. E2 term is originated from the photon density of states.15 M, is the electron transition matrix which is assumed to be constant in energy, since we are dealing with the energy range of about 0.1 eV. We assumed in Eq.
(1) that the hole distribution is much narrower in energy adjacent to k=O states in the valence band than the electron distribution.
Since we are dealing with heavily n-doped GaAs, we must include the conduction band tail due to the random fluctuation of the impurity potential. The density of states in the conduction band including this tail is given by'
where E, is the conduction band edge for parabolic density of states in the absence of the tailing effects. 7, represents the typical well depth of the tail states and at fi?;r, above the top of the valence band there is the acceptor-like states splitoff from the top of the valence band as a result of fluctuations of the spatial distribution of the dopant.16 We can show the valence band tailing and the donor-like states for p-type semiconductors in the same way.
IV. RESULTS AND DISCUSSION
The observed PL spectra of GaAs:Si are shown in Fig. 1 as a function of the electron concentration. When the electron concentration is relatively low, the spectral shape becomes asymmetric having a steep slope on the low-energy side and a slow slope on the high-energy side. This implies that the low-energy side is well-defined by the conduction band tail, while the high-energy side is less well-defined due to the thermal excitation of electrons. This tendency of slopes in the low-energy and high-energy side of the PL spectra is compared with those of the low-temperature PL spectra of heavily doped n-GaAs.6'77'2 In the latter case, the slope in the low-energy side of PL, spectrum is smaller. with increasing electron concentration, however, the PL spectrum at room-temperature broadens and becomes more symmetric. The peak center of the PL spectrum shifts to higher energy with increasing electron concentration, known as the Burstein-Moss effect. All these tendencies imply that the observed PL spectra of our samples are resulted from the BB transitions supporting our conjecture used in Eq. (1).
Eqs. (l)-(3) were used to fit the observed PL spectra adjusting vC, Efi and E, as fitting parameters. The kT in Eq. I n C Xl 0'7cm-3 I (2) was first treated as the fourth fitting parameter. However, the results of the best fits for all the observed PL spectra indicated that 1136 eV(326 K) rather than l/40 eV(300 K) is the proper choice for kT, if we want to use a single value for kT. This slight fictitious increase of temperature seems to be possible if the excited free charges are not returned to the real equilibrium before recombination. So the rest of this study was carried out at the fixed value of kT=1/36 eV. The larger value of vC results in the slower slope of the Iow-energy side of the PL spectim. The width of the PL peak is governed by the value of (Ef-E,) and the energy position of the PL peak is determined by both Ef and E, .in such a way that Ef affects the high-energy side of the PL peak more and E, the low-energy side. The results of the best fits are shown in Fig. 1 and the parameters determined from the fits are listed in Table 1 . Figure 2 shows the band tailing parameter vc of Table I as a function of electron concentration n. The data points were fitted with an equation of vC= cznp with two parameters LY and fl. And the value of p was found to be 0.351 which is much closer to l/3 than S/12. We thus fitted with p= l/3 and finally deduced vC=2.0X 10-"n"3 with vC in eV and n in cmu3. The Kane theory,' however, predicts the band tailing to be proportional to n5'12. And this relation was used for the impurity-induced acceptor-like states in the valence band tail in order to take account of the band gap narrowing in heavily n-doped G~As.~*~,~*" For p-type GaAs, the dependence of the band gap energy at room temperature on the hole concentration p has been reported to be E,== 1.424-1.6X 10-8p"3(eV)?
The experimentally determined Fermi energy Ey and conduction band minimum EyP without the band tailing are depicted in Fig. 3 along with the theoretically calculated ET1 as a function of the electron concentration. As can be 3368 TABLE I. Experimental values obtained from the fitted photoluminescence spectra and calculated Fermi energies (E;"') for S-doped GaAs samples. n(X 10'7 cme3) I&,,, (eV) E, (eV) EFp (eV) Ey '(eV) vC (meV) seen, .we may consider the conduction band minimum for parabolic density of states in the absence of narrowing effects to be located at about 1.420 eV above the valence band top. The theoretical Fermi level l$@ was calculated from n=N,(T)F1,2[(Ef-E,)lkT] assuming parabolic conduction band.t6 Here, N,(T) is the effective density of states in the conduction band having the value N,(T) =4.35 X lOI cme3 at T=300 K and Ft,a ( 7) is the Fermi-Dirac integral, The values of Ey' agree fairly well with ET* for the lower electron concentrations, but it is larger than EFp when the electron concentration becomes relatively larger.
Since Eyr is obtained by neglecting the conduction band tailing, this suggests that the formation of conduction band tail states must be accounted for the exact calculation of Ef for the dopant concentration higher than about lOI8 cmv3. If we evaluate n at Ef=Ec, we obtain n,,,,,=3.2X 1017 cm-a at T=300 K. This value agrees well with our experiment as can be seen in Fig. 3 . The empirical relationship between the Fermi energy relative to the conduction band minimum gf= ET -EyP and the electron concentration n was tried to find out. The value of the power of n which gives the best fit through the data points is I.56 found to be 0.346. Therefore we express ef as sf = -0.074+ 1.03 X 10-7n '"(eV) as shown by the solid curve of this figure. At low temperature (kT+cf), we expect theoretically ef-nU3 with parabolic conduction band and neglecting conduction band tail formation. The equation of Ef = 5.209x lo-14nz3-1.456X 10-"n"3(eV), which includes the nonparabolicity of the conduction band, was used to explain the concentration dependence of the PL spectra of heavily Te-doped GaAs at low temperature.6 Phenomenologically, the deviation of Ef from ny3 power to n113 power is quite natural when we note that the EJYp is deviated from EJ? due to the nonnegligible electron occupancy in the conduction band tail states for n> lo'* cmw3. We thus believe that Ef shows empirically n I" power dependence for the range of electron concentrations 1 X 1017-4X 101* cmm3 due to the nonnegligible electron occupancy in the conduction band tail states.
We can see from Eq. (1) that the PL peak occurs at the maximum concentration of electrons in the conduction band per unit energy. The electron concentration dependence of the PL peak maxima E,,, is shown in Fig. 4 in E,,y 1.426-l-2.4X 10-14nu3(eV). The value of 1.426 eV, which corresponds to the band gap energy of a pure GaAs at room-temperature is well consistent with 1.425 eV that was determined by room-temperature photorefectance17 from the four less doped samples in Fig. 4 . This fact in turn justifies that the conjecture used for EZq. (1) is correct and the lineshape analysis is quite accurate.
V. SUMMARY
In summary, we have demonstrated that the detailed lineshape analysis of the room-temperature PL spectra can determine various physical quantities related to the heavy doping effects, such as band tail formation, the Fermi energy shift and the conduction band edge corresponding to pure GaAs, etc. It was found that both the band tail and the Fermi energy varies proportionally to n r13, while the PL peak energy, or the energy of the maximum electron concentration in the conduction band per unit energy, to na3.
